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Introduction
Diesel exhaust is one of the major sources of fine (less than 2.5 um in diameter) and ultrafine (<100 nm in diameter) particulate matter (PM 2.5 and PM 0.1 ) in urban air. Although diesel vehicles contribute to only a small fraction of particulate matter (0.25 -1.4% of PM 2.5 ) in the atmosphere (López-Veneroni [1]), it was estimated that in large cities up to 50% of PM 2.5 mass concentrations may result from traffic emissions and resuspension of road dust (Chen et al. [2] ). Governments and quality monitoring agencies track and regulate PM 10 and PM 2.5 particles (European Parliament [3] ).
Morphologically, the particles consist of an elemental carbon core coated by several hundred compounds adsorbed to the surface, including many toxic species such as polycyclic aromatic hydrocarbons (PAHs) and their derivatives as well as metals. PAHs are mostly produced by the incomplete combustion of organic material. In urban areas, emissions from vehicle exhaust are the largest contributors of PAHs. In the ambient air, PAHs are mostly adsorbed on the surface of dust particles. Čupr et al. [4] demonstrated that the finest fraction (<0.45 μm) showed highest active surface, and the highest amount of associated PAHs are of a concern for both human and environmental health as they are bioaccumulative, thus resisting degradation when transported in the atmosphere for long distances. Geller et al. [5] indicate in their study that PM emitted from gasoline and diesel passenger cars can contain significant amounts of various trace elements, including toxic heavy metals. The environmental risk of metals is also increased by the fact that they have a high affinity to the very fine and ultrafine aerosol fractions (Moreno et al. [6] ). These particles have a very high potential for depositing in the alveoli and causing respiratory disorders.
Diesel exhaust particulates (DEPs) have been directly linked to the occurrence of respiratory disorders such as asthma and bronchitis (Brauer et al. [7] On the other hand, much less information is available on the ecotoxicity of diesel particulate emissions, though low-cost ecotoxicological bioassays are available. The Vibrio fischeri bioluminescence inhibition assay has been proven sensitive to assess the ecotoxicity of diesel exhaust (Vouitsis et al. [15] ), and of airborne PM 10 emission (Triolo et al. [16] , Roig et al. [17] ). The most widely applied version of the assay, in accordance with the ISO protocol, requires the preparation of an elutriate. An elutriate preparation in organic solvent is used, which implies that the bioavailable fraction is not the only item measured. In order to ensure a much more realistic exposure route in ecotoxicity assessment of solid samples, Lappalainen et al. [18] , [19] presented a novel protocol for testing the toxicity of solid and/or colored samples. This assay has been successfully adapted to test the ecotoxicity of ambient PM samples collected on filters (Kováts et al. [20] ) and to assess toxic load of diesel-powered buses (Kováts et al. [21] ). It is generally agreed that emission factors depend on the (mechanical) state of the vehicle, type of fuel, type of lubricant, driving conditions, and presence or absence of catalytic converters (Vaaraslati et al. [22] ). In our study, ecotoxicity of the particulate emission of light-duty diesel-powered vehicles was assessed directly with a view of comparing the environmental hazard posed by diesel engines of different ages/model and of different emission standards.
Experimental procedure

Sampling
Aerosol samples from the exhausts of 9 diesel-powered passenger cars were collected with a KÁLMÁN PM 2.5 sampler on quartz filter at a flow rate of 32 m 3 h −1
for 10 minutes at idling in a closed premise about 1 meter from the tailpipes.
Basic characteristics of all vehicles tested are shown in Table 1 .
Analyses
The PM 2.5 mass concentrations of diesel engine exhaust samples were determined indirectly by total carbon (TC) mass measurements. In recent studies, the TC/PM 2.5 ratio is 0.92 for passenger cars (Graham et al. [23] ). The total carbon concentrations were quantified with Zellweger Astro TOC 2100 total carbon analyzer.
For ecotoxicity assessment, filter sample spots of 25 mm in diameter were cut with a special puncher and then measured gravimetrically with a Sartorius microbalance (10 µg sensitivity). Filter spots were ground in an agate mortar and then transferred into precleaned 4 mL vials. 2 mL of high-purity water (MilliQ) were added to each vial and the suspension was prepared by continuous stirring. Ecotoxicity assessment of the bulk material was carried out as described in the ISO standard (ISO 21338:2010 (Pape-Lindstrom and Lydy [25] ). TU is a dimensionless value given as 100/ EC 50 . PAHs were determined from spots of the quartz filters cut out with a puncher. The filter spots were sonicated in dichloromethane-methanol (4:1) mixture for 2×10 min. The extract was cleaned on a C 18 SPE cartridge to protect the HPLC column from long chain aliphatic compounds and, finally, it was evaporated to 0.5 mL under a gentle nitrogen flow prior to HPLC analysis. Separation of PAHs was carried out on a LiChrospher-PAH (Merck) column using an acetonitrilewater gradient. Programmed wavelength fluorescence detection was applied to achieve higher selectivity and sensitivity. Details of the separation are described elsewhere (Kiss et al. [26] ).
The data matrix was log10 transformed in order to reduce the magnitude-like differences in the datasets and to improve the normality. Spearman Rank correlations were used to reveal the existence and way of relations amongst the emission parameter (TU, TC, PM 2.5 , and PAH) and vehicular variables such as make/model, age, odometer reading, and emission standard class. The analyses were carried out on the basis of Zar [27] and IBM SPSS 20.0 software was used for computation. Table 2 gives the results of ecotoxicity assessments as well as other details of the samples such as TC or PM 2.5 mass concentration. As would be expected, the car producing the most toxic emissions belonged to Euro2 emission standard. Also, this vehicle produced the highest TC and PAH concentrations near the tailpipe (34.9 mg m −3 and 93349 ng m −3 , respectively), although this car was relatively young, with an age of 8 years. This sample also showed outstandingly high ecotoxicity, TU 400.
Results and discussion
Particulate characteristics within the Euro3 emission standard class were very much scattered, showing 10-fold differences. Considering all measured parameters (TC, PAH and TU), the Toyota Hilux 2.5 TD vehicle exerted the lowest environmental load (TC = 0.3 mg m −3 , total PAH = 114 ng m −3 , TU = 0.22). Surprisingly, high differences were found for the two FORD MONDEO TDCi vehicles: (TC = 1.9 and 0.57 mg m , TU = 9 and 0.4, respectively). It might be partly explained by different odometer readings (165 861 km for the first FORD MONDEO TDCi vehicle and 106 368 km for the second one). Mechanical conditions of the two vehicles might have also contributed to the different emission characteristics; however, these parameters are difficult to standardize.
In this emission standard class, the OPEL OMEGA 2.5 TD vehicle had the highest TC and PAH levels, TC = 7.5 mg m −3 and PAH = 3420 ng m −3 . However, these high emission values are not reflected by the relatively low toxicity (TU = 1.1). It should be noted that this vehicle had the highest odometer reading of all tested cars, 340 981 km.
Finally, in the Euro4 emission standard class, also outstandingly high (10-fold) differences were found when comparing the two tested vehicles, FORD S MAX TDCi and MITSUBISHI L200 2.5 DiD (TC = 0.17 and 2.9 mg m −3 , PAH = 42.6 and 449 ng m −3 , TU = 0.6 and 13, respectively).
Significant positive correlation was found between ecotoxicity (TU values) and TC (r=0.912; P= 0.001) as well as between TU and PAH concentrations (r=0.956; P<0.0001), which also means that TC correlates with PAHs. Seemingly, ecotoxic effect of the diesel exhaust depends directly on the quantity of carbonaceous particles produced, which as has been mentioned in the Introduction, act as carriers for toxic compounds bound to these particulates. The reasons for this correlation are twofold. First, higher particulate carbon concentrations are indicative of incomplete combustion which also makes the formation of toxic organic compounds of various volatilities much more likely. Secondly, high concentrations of carbonaceous aerosol strongly favor partitioning of semi-volatile toxic species (such as PAHs) to the particulate phase, thus contributing to the enhanced ecotoxicity of engine exhaust particulates.
Euro1 emission standards were introduced in 1992 and then, gradually, Euro2 in 1996, Euro3 in 2000 and Euro4 in 2005. Minjares et al. [28] give an overview about the significant reduction of PM 2.5 emission via different emission standard classes, also discussing its significance especially in the light of the fact that diesel vehicle sales make up more than half of the new automobile market in Europe. In our case, most surprisingly, no correlation was found between environmental performance and emission standard classes. It might be due to the fact that one of the two selected Euro4 cars had outstandingly higher emissions than all Euro3 cars. When comparing PAH and PM 2.5 emission to age, mileage and Euro classes, significant correlation was found between PAH emission and mileage (r=0.733). It might reflect that the actual condition of the vehicle depends more on the usage than on age. Also, it might explain the difference between environmental performance of the two Euro4 LDVs, the MITSUBISHI L200 2.5 DiD vehicle, with the odometer reading of 154 385 kms, showed high toxicity (TU = 13) and relatively high PAH emission (449 ng m −3 ). Chiang et al. [29] also associated high PM emission with high mileage and age of tested lightduty vehicles. However, when correlating environmental performance and basic parameters of each vehicle, there have been other parameters which could have not been taken into consideration due to lack of information, but play an important factor affecting vehicle emissions, most important being the inspection/ maintenance program (Fujita et al. [30] ). Although, as has been mentioned, significant correlation was found between ecotoxicity (TU) and PAH emission where the case of the MITSUBISHI L200 2.5 DiD vehicle is somewhat exceptional: its high toxicity cannot be attributed alone to the PAH emission, as for example the OPEL OMEGA 2.5 TD (Euro3 class) had app. two-fold higher PAH emission (3420 ng m −3 ), but lower toxicity (TU = 1.13).
Conclusions
In total, 9 different types of light-duty vehicles were tested. These results should be considered indicative. In order to get a database relevant for statistical analysis, more data are necessary such as, for example, in the multi-criteria assessment used by Lim et al. [31] when assessing the effect of different factors on PAH emissions from a fleet of heavy-duty diesel buses. However, the pattern of the results clearly shows that the Vibrio fischeri bioluminescence inhibition bioassay is suitable for the rapid screening of the ecotoxicity of particulate emission of individual vehicles, and to estimate their environmental load.
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